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ABSTRACT 

A single-stage experimental investigation was conducted 
to determine the extent that a variable camber inlet c-pide 
vane and a two-part stator having adjustable leadin9 and 
trailing edge metal angles can increase the stable operatin9 
ranqe of a compressor front stage. The stage was designed 
with zero rotor prewhirl at design equivalent rotor speed 
(SLTO conditions) and 35-degree hub - 20-degree tip prewhirl 
at 70% of des,ign rotor speed (high Mach number cruise 
conditions). The cruise configuration permitted stable 
operation at a lower flow for a given speed than those 
attainable with the SLTO configuration, At cruise rotor 
speed and flow conditions, the adiabatic efficiency of 
the cruise configuration was approximately 7% higher than 
that of the SLTO configuration. 
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SUMMARY 

An experimental investigation was conducted with a 
0.5 hub/tip ratio single-stage compressor to determine 
the extent that a variable camber guide vane and a two- 
part stator having adjustable leading and trailing edge 
metal angles can extend the range of stable compressor 
operation. The stage, which resembled the front stage 
of a typical high cruise flight Mach number compressor, 
was designed with zero rotor prewhirl at design equivalent 
rotor speed (sea level takeoff, SLTO conditions), and 35- 
degree hub - 20-degree tip prewhirl at 70% of design rotor 
speed (high Mach number cruise conditions). The design 
rotor tip relative Mach number for the SLTO configuration 
was 1.15, and the design stage pressure ratio and efficiency 
were respectively 1.32 and 85.1%. The SLTO configuration 
was tested over a range of speeds from 50 to 110% of design 
equivalent rotor speed. The cruise configuration and an 
intermediate configuration (approximately halfway between 
the SLTO and cruise I G V  and stator settings) were tested 
from 50 to 100% of design equivalent rotor speed. Design 
performance goals were met with the SLTO and cruise 
configurations. The cruise configuration permitted stable 
operation at a lower f l o w  for a given speed than that 
attainable with the SLTO configuration. At cruise rotor 
speed and flow conditions, adiabatic efficiency was 
approximately 7%.higher for the cruise configuration. 
Moreover, the cruise configuration exhibited a substantial 
improvement in stall margin over that obtained with the 
SLTO configuration in the range of rotor speeds between 

80% of design equivalent rotor speed. The 

between the SLTO and cruise configura ons) resulted in 
flow reductions at SLTO and cruise de gn pressure ratio 
equal to approximately 40% of the red tion in flow between 
the SLTO and cruise nfiguration. e stall limit flow 

onfiguration cruise rotor speed 

ediate setting of the guide vanes and stator (halfway 
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was approximately 22 less than that for the SLTO 
configuration and 10% greater than that for the cruise 
configuration. 

INTRODUCTION 

The supersonic cruise operating point of fixed-geometry 
front stages of turbojet engine compressors tends to 
approach the stall line as cruise Mach number increases. 
This results from the flow limitation in the Compressor 
rear stages at cruise rotor speed and pressure ratio 
conditions. This imposes a reduction in compressor inlet 
flow and axial velocity below that for which the front 
stages are designed to operate efficiently, When the 
reduction in front-stage axial velocity becomes 
proportionally greater than the reduction in blade tip 
velocity, rotor incidence angle increases above the sea 
level takeoff design value. If the increase in incidence 
angle is sufficiently large, the front stage(s) may be 
subject to stall, which can lead to reduced compressor 
performance and possibly to compressor surge. One approach 
in overcoming this problem is to provide mechanical 
adjustment of the guide vane and stator leading and/or 
trailing edge metal angles to permit selection of the 
proper stage velocity triangles over the required operating 
range. 

A single-stage compressor experimental investigation 
was conducted to evaluate the extent to which variable 
geometry concepts can be applied to increase the stable 
operating range of a compressor front stage. A variable 
camber inlet guide vane, rotor, and two variable geometry 
stator configurations were designed, fabricated, and tested 
over a range of equivalent rotor speeds from 50 to 110% 
of the design rotor speed. The stage was designed with 
zero rotor prewhirl at design equivalent rotor speed and 
35-degree hub -20-degree tip prewhirl at cruise conditions. 
Design point (sea level takeoff, SLTO) equivalent rotor 
speed and flow were respectively 6050 rprn and 265 lb/sec; 
off-design (simulated high Mach number cruise) equivalent 
rotor speed and flow were respectively 4235 rpm and 143 
lb/sec. 

The variable-camber guide vanes comprised modified 
63-series airfoil sections and were configured with a fixed 
leading-edge segment and two articulated flap segments. 
The rotor, designed with circular arc airfoils, had a tip 
inlet relative Mach number of 1.15. The stator 
configurations, comprised of 65-series airfoil sections, 
were designed to turn the flow back to the near axial 
direction at the SLTO operating point and to provide a 
(hypothetical) 2nd-stage rotor prewhirl distribution of 
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of an annular 
evaluation of candidate variable geometry concepts are 
presented in Reference 2. The data and performance obtained 
with the variable camber guide v , rotor, and Stator 
A are presented in Reference 3. This report presents the 
data and performance obtained with the variable camber 
guide vane, rotor, and Stator B design that had variable 
leading and trailing edge geometry. The variable-geometry 
stage was tested with the guide vanes and stator in their 
SLTO position, cruise position, and an intermediate position 
halfway between the SLTO and cruise positions. 

TEST EQUIPMENT 

Facility 

The compressor test facility is shown in figure 1, 
The compressor rotor is driven by a single-stage free 
turbine that is powered by exhaust gases from a J75 slave 
engine. Drive turbine speed is controlled by means of 
the engine throttle. Air entered the compressor test 
section through a 103-ft combined inlet duct, plenum, and 
bellmouth inlet and exhausted through an exit diffuser 
to the atmosphere. A 7-degree diffuser at the plenum inlet 
and 1O:l bellmouth contraction ratio ensured uniform flow 
conditions at the compressor inlet. 

Compressor Test Rig 

The compressor rig, shown in figure 2, comprises 
bellmouth inlet, test section , and exhaust section. The 
rotor assembly and shaft are supported on two bearings 
that transmit loads to the outer case through the stationary 
leading-edge segments of the variable-geometry inlet guide 

he struts in the exhaust case, A set of motor- 

nlet station is preceded 
ly 10-in. long. 

The inner flowpath wall converges from a diameter of 18.70 
in. at the guide vane inlet to a diameter of 25.60 in. 
at the stator exit. The outer wall diameter converges 
slightly from 43.20 to 42.10 in. The hub/tip ratio at 
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the rotor leading edge is 0.492. In general, the flowpath 
is designed to resemble the front-stage environment of 
a state-of-the-art high cruise Mach number compre 
The blade rows were spaced sufficiently apart to permit 
the installation of instrumentation. 

A machined aluminum shroud was used for the rotor to 
prevent damage to the blade tips in the event a rub occurred 
during operation near or in stall. The nominal blade tip 
clearance was 0.050 in. 

Blading Design 

Inlet Guide Vane 

The variable camber inlet guide vane was designed to 
provide axial inlet flow (zero swirl) in the SLTO 
configuration and 35-degree hub - 20-degree tip swirl 
distribution in the cruise configuration. Slightly-modified 
63-series airfoil sections were used. Tile basic camer 
was selected to provide approximately two-thirds of the 
anticipated air turning requirement at the cruise operating 
point. 

The SLTO and cruise positions were achieved by actuating 
two articulated flap segments in the appropriate direction 
to rec?uce or increase camber angle from tlie basic design 
camber angle. A photograph of the guide vane is shown 
in figure 4. Guide vane geometry details are summarized 
in table la; symbols are defined in Appendix A. Table 
la includes the leading and trailing edge metal angles 
for an intermediate guide vane setting that was tested 
following the tests with the SLTO and cruise geometries. 
Additional design information for tlie inlet guide vane 
is presented in Reference 1. 

Rotor - 
The rotor was comprised of 3 4  blades, designed with 

circular-arc airfoil sections. The design point inlet 
relative Mach number at the tip was 1.15 and the design 
diffusion factor was nominally 0.40. Blade chord length 
and solidity were representative state-of-the-art values 
for a high cruise Mach number front stage. 
shroud was added at 40% span from tlie tip to reduce blade 
resonance stress. Rotor geometry details are summarized 
in table lb, and additional rotor design information is 
contained in Reference 1. 

A part span 

4 



d 

N 
3-03 
190 

m o  
LONNO 

N m N m w  0 r i m 0 3 c 4 m  
i- 

I l l  NNI+I+I+ 

. . e . .  s . . . .  
?- r l o o o r i  rio0303w 

F- 

Y 
N N N N N  

00000 
N N N N N  
l l l l l  

. . . e .  

00000 
m P m M r l  

S I  
U 

rl N N N N N  -rl 
y . . e . .  4 

00000 fd 
N N N N N  k 
1 1 1 1 1  3 

13 

4 N N N N N  
y e . . . .  

00000 
N N N N N  
l l l l l  

o o o u  
m P m M  

0 
4 

5 



= r = r f m c o P  
N N r n l n c n  I3 00000 . . . . .  
00000 

o c o o = ? m  
\ m r t m w c v  

00000 

13 o o o o r l  
e . . . .  

c c c f 2 f 2  
0 0 0 0 0  
-4-4 -4 -4 -4 u c,c,clc,+l , rdrdardrd 

e, k k k k k  
5 1 1 5 5  

S r l N l n m  
0 ; f * = r = r m  , +\oln=rm 
e, 00000 . . . . .  

00000 

h a 
a, 
? c 

S S N = r O  

r i r l r loo  
E . . . . .  

0 + 0 
?- 

COOOOM 

m o = t r l o  
CINdr l r l  

. . . . .  8 8 

u 
2 CJ 

Y 

c 
0 
-4 
c, 
rd 
k 
3 
-4 

0 u 
a, 
Io 
-4 ~ u 

d 
Y 

rl 
Y 

00000 
- c n + l n m 4  

00000 
m l - m m r l  

6 



r ; ;  
a, 
cl 
PQ a 
E 

W L n W c n N  
N N N N M  

13 o o o o o  
. . . . e  

00000 

4 
x 

0 C O O * b  
* r n M N N  

- 1 3  00000 . . . . .  
00000 

c O c n N l - N  
cvrlrloo 
clclclrlrl 

e . . . .  

l l l l l  

1 1 1 1 1  
l l l l l  

u l l l l l  

0 1 1 1 1 1  
i- 1 1 1 1 1  

1 1 1 1 1  
1 1 1 1 1  

I 1 1 1 1  
8 1 1 1 1 1  

1 1 1 1 1  
1 1 1 1 1  

a, 
c, 
d 
H 

7 



S t a t o r  B 

A photograph and s e c t i o n  view of S t a t o r  6 are shown 
i n  f i g u r e  4. The des ign  p o i n t  geometry w a s  developed from 
65-ser ies  a i r f o i l  s e c t i o n s ;  t h e  vanes w e r e  designed t o  
p rese rve  as much as p o s s i b l e  of t h e  b a s i c  65-ser ies  a i r f o i l  
shape. Pursuant  t o  t h i s  o b j e c t i v e ,  t h e  t w o  f l a p  segments 
w e r e  s e l e c t e d  t o  have approximately t h e  same chord l e n g t h  
and an ove r l ap  of  15% of  t h e  b a s i c  65-ser ies  chord length .  
The l ead ing  edge of t h e  forward f l a p  i s  i d e n t i c a l  t o  t h e  
b a s i c  65-ser ies  a i r f o i l  up t o  3 0 %  of t h e  forward f l a p  
chord. The geometry of t h e  remainder of t h e  forward f l a p  
was genera ted  by combining t h e  th i ckness  d i s t r i b u t i o n  f o r  
a 65-ser ies  a i r f o i l  (having a chord l e n g t h  equa l  t o  t h e  
f l a p  chord and t h i c k n e s s  a t  30% chord as de f ined  by t h e  
b a s i c  a i r f o i l )  wi th  t h e  b a s i c  a i r f o i l  s u c t i o n  s u r f a c e  
contour .  For t h e  rear f l a p ,  t h e  uncovered s e c t i o n  (55  
t o  100% of t h e  b a s i c  a i r f o i l  chord) is  i d e n t i c a l  t o  t h e  
basic 65-ser ies  a i r f o i l  geometry. A NACA-Q-digit series 
a i r f o i l  shape w a s  used f o r  t h e  covered l ead ing  edge s e c t i o n  
( 4 0  t o  55% b a s i c  chord)  t o  permi t  low-loss ope ra t ion  over  
a wide range of  i nc idence  angles .  A snia11 s l o t  w a s  provided 
between t h e  two segments i n  t h i s  p o s i t i o n  t o  reduce 
r e c i r c u l a t i o n  i n  t h e  p r e s s u r e  s u r f a c e  c a v i t y  t h a t  i s  formed 
by t h e  t w o  segments. 

J 

Minimum loss  inc idence  angle ,  loss ,  and d e v i a t i o n  angle  
f o r  t h e  SLTO geometry a i r f o i l  w e r e  p r e d i c t e d  from 
conven t iona l  65-ser ies  a i r f o i l  cascade da ta .  Midspan 
va lues  of s ta tor  i n l e t  l4ach number and d i f f u s i o n  f a c t o r  
were 0.56 and 0 . 3 3 ,  r e s p e c t i v e l y .  Add i t iona l  des ign  
informat ion  i s  p resen ted  i n  Reference 1. 

To o b t a i n  t h e  d e s i r e d  inc idence  and e x i t  angle  
d i s t r i b u t i o n s  f o r  o p e r a t i o n  a t  t h e  c r u i s e  c o n d i t i o n s ,  t h e  
forward segment w a s  r o t a t e d  t o  i n c r e a s e  t h e  l ead ing  edge 
m e t a l  angle  9 degrees  and t h e  rear segment was r o t a t e d  
t o  i n c r e a s e  t h e  t r a i l i n g  edge m e t a l  angle  26 degrees .  
The n e t  e f f e c t  w a s  a decrease i n  camber ang le  of  1 7  degrees .  
For t h e  in t e rmed ia t e  geometry s e t t i n g ,  t h e  forward segment 
w a s  r o t a t e d  4.5 degrees  and t h e  rear s e p e n t  w a s  r o t a t e d  
13 degrees .  S t a t o r  des ign  de ta i l s  are p resen ted  i n  t a b l e  
I C .  

Ins t rumenta t ion  

Ins t rumenta t ion  was provided t o  o b t a i n  o v e r a l l  and 
b lade  element performance d a t a  f o r  each b l ade  r o w .  A x i a l  
l o c a t i o n s  of i n s t rumen ta t ion  s t a t i o n s  are i n d i c a t e d  i n  
f i g u r e  2 and t h e  c i r c u m f e r e n t i a l  l o c a t i o n s  of 
i n s t rumen ta t ion  a t  each ax ia l  s t a t i o n  i s  shown i n  f i g u r e s  
5 through 7. 
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Airf low w a s  measured wi th  an ASXE s t anda rd  t h i n - p l a t e  
o r i f i c e  l o c a t e d  i n  t h e  i n l e t  d u c t ,  as i n d i c a t e d  i n  f i g u r e  
1. I n l e t  t o t a l  p r e s s u r e  and temperature  w e r e  m e a  
i n  t h e  plenum by means o f  t h r e e  Kiel- typ 
probes and six ha l f - sh i e lded  t o t a l  tempe 
Four e q u a l l y  spaced s t a t i c  p r e s s u r e  t a p s  were loc 
both  t h e  i n n e r  and o u t e r  w a l l  a t  S t a t i o n  0. The s t a t i c  
p r e s s u r e  measurements a t  t h i s  s t a t i o n  w e r e  used t o  check 
t h e  o r i f  ice weight  flow. 

A i r  ang le s  were measured by means of 20-degree wedge 
traverse probes.  Eehind t h e  i n l e t  gu ide  vane and s t a t o r  
t h e s e  probes were located c i r c u m f e r e n t i a l l y  as r equ i r ed  
t o  keep them o u t  of  vane wakes. Each 20-degree wedge probe 
i n c l u d e s  a t o t a l  p r e s s u r e  tube  f o r  t o t a l  p r e s s u r e  
measurement as shown i n  f i q u r e  8. 

T o t a l  p r e s s u r e  measurement behind t h e  guide vane and 
s t a t o r  w a s  accomplished by means of  two s t a t i o n a r y  wake 
probes a t  each s t a t i o n .  One wake probe had sets of 14-  
t ube  r akes  a t  1 0 ,  50 ,  and 9 0 %  span l o c a t i o n s ;  tile o t h e r  
wake probe had sets of 14-tube r akes  a t  3 0  and 7 0 %  span 
l o c a t i o n s .  The ang le  s e t t i n g s  of both  t h e  r ake  heads and 
t h e  probe s t e m  w e r e  s e l e c t e d  t o  permi t  alignment wi th  t h e  
airstream w i t h i n  approximately +5 degrees  f o r  both SLTO 
and c r u i s e  geoxetry . The accepEance yaw ang le  ( p r e s s u r e  
accuracy w i t h i n  +1% of P - p)  of t h e  r ake  tubes  i s  +10 
degrees  . The waEe probe w a s  t r a n s l a t e d  c i r c u m f e r e n r i a l l y  
t o  keep t h e  wake cen te red  on t h e  rakes when t h e  guide vane 
and s t a t o r  f l a p s  w e r e  i n  t h e  c r u i s e  p o s i t i o n .  A t y p i c a l  
r ake  head is  shown i n  f i g u r e  9.  The 20-deqree wedge 
t r a v e r s e  probes used f o r  a i r  ang le  measurement behind t h e  
guide vane and s t a to r  a l so  neasured t o t a l  p re s su re ,  which 
provided a check on t h e  midchannel t o t a l  p r e s s u r e s  obta ined  
wi th  wake probes.  Tota l  p r e s s u r e s  behind t h e  rotor  were 
measured wi th  t h e  t w o  20-degree wedge traverse probes and 
t w o  r a d i a l  r akes  wi th  Kiel heads a t  1 0 ,  3 0 ,  5 0 ,  70 ,  and 
90% span. The traverse probes and r a d i a l  r akes  w e r e  spaced 
so as t o  approximately average t h e  c i r c u m f e r e n t i a l  t o t a l  
p r e s s u r e  p r o f i l e  gene ra t ed  by t h e  i n l e t  gu ide  vanes. T o t a l  
temperatures  w e r e  measured behind t h e  s t a t o r  us ing  K i e l -  
t ype  probes mounted on f o u r  r a d i a l  rakes .  The temperature  
r akes  w e r e  spaced as shown i n  f i g u r e  7; t hey  were l o c a t e d  
wi th  r e s p e c t  t o  each o t h e r  a t  0 ,  1/4, 1/2, and 3/4 of a 
guide  vane gap. To ta l  p r e s s u r e  and temperature  r akes  a r e  
shown i n  f i g u r e  1 0 .  

Radia l  d i s t r i b u t i o n  of s t a t i c  p r e s s u r e s  behind t h e  
guide vanes,  ro to r ,  and s ta tor  were measured by means of 
8-degree wedge t r a v e r s e  probes,  which are shown i n  f i g u r e  
11. Four approximately e q u a l l y  spaced s t a t i c  p r e s s u r e  
t a p s  w e r e  provided on t h e  i n n e r  and o u t e r  w a l l s  behind 
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the guide vane and stator. Four taps were located on the 
inner wall and twelve taps were located on the outer wall 
behind the rotor. The eight additional outer wall taps 
behind the rotor were spaced across a guide vane gap to 
determine the static pressure variation associated with 
guide vanes wakes and/or stator flow fields. 

Three Itistler high response pressure transducers were 
installed approximately 30 and 60 degrees apart at 10% 
span behind the rotor to measure the number, size, and 
rotational speed of rotating stall zones. 

Rotor blades and stator vanes were instrumented with 
strain gages to measure torsional and bending stresses. 

Rotor speed was measured with an electromagnetic sensor 
mounted adjacent to a 60-tooth gear on the rotor shaft. 
Gear-tooth-passing frequency was displayed as rpm on an 
Anadex digital counter. 

Steady-state pressure measurements were recorded on 
a scannivalve multichannel pressure transducer system. 
Traverse probe data (total and static pressures, air angle, 
and radial position) were recorded on magnetic tape at 
the rate of 60 samples (2.0 in. probe travel) per minute. 
Temperatures were indicated on precision potentiometers 
and manually recorded. 

Orifice static pressure, bellmouth static pressure, 
plenum pressure, and representative stage exit pressure 
instrumentation were close-coupled to transducers for hiqh 
response transient recording of flow and pressure ratio 
during operation into and out of stall. Similar 
instrumentation was connected to manometers in the control 
room to permit setting the desired steady-state pressure 
ratio and flow conditions. 

PROCEDURES 

Test Procedure 

Overall and blade element performance data were obtained 
at three settings of the variable camber inlet guide vane 
and variable geometry Stator B: sea level takeoff, cruise, 
and an intermediate setting approximately halfway between 
the SLTO and cruise settings. Data were obtained at 50, 
70, 80, 100, and 110 percent of design equivalent rotor 
speed with the SLTO configuration, and 50, 70, 80, and 
100 percent of design rotor speed with the cruise and 
intermediate configuration. 
between maximum flow and near stall flow at each rotor 
speed. 

Data points were distributed 
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For the SLTO configuration, points near stall at 100 
and 110% of design speed were obtained with a reduced inlet 
pressure (approximately 11 psia) because of the test stand 
horsepower limit. For each data point the fixed pressure 
and temperature instrumentation data were recorded with 
the traverse probes withdrawn. The traverse probes were 
subsequently immersed in the airstream and recorded as 
they were traversed from the inner to the outer wall. 

The compressor was operated into and out of stall at 
each of the test rotor speeds; orifice and bellmouth static 
pressures, exit total pressure, and rotor speed were 
recorded on magnetic tape at the rate of 600 samples per 
minute. Kistler transducer data were also recorded during 
the excursions into stall to define the rotating stall 
patterns. Time correlation between the Kistler and stall 
transient pressure recordings permitted correlation of 
the Kistler and stall transient data. 

Data Reduction Procedure 

Data reduction was accomplished in four steps. 
Initially, the raw data compiled on magnetic tape and IBPI 
cards were converted to engineering units that were 
subsequently recompiled on a storage tape and tabulated 
for preliminary inspection. The second data reduction 
step accomplished the following: 

1. Mach number corrections, as required, for traverse 
probe data 

2. Correction of pressure and temperature data to 
NASA Standard Day conditions 

3 .  ?.lass averaging of guide vane and stator wake 
pressures (these were subsequently performed in 
a separate computer program) 

4. Calculation of corrected flow 

5. Calculation of radial distribution of flow 
parameter (for radial mass flow averaging of total 
pressures in subsequent procedure) 

6. Circumferential arithmetic averaging of fixed 
and traverse instrumentation data. 

The results of this data reduction step were printed 
to permit a more detailed inspection of the data to 
eliminate apparent inconsistencies prior to the calculation 
of performance and vector diagram variables. 
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Pressure ratios were calculated for the rotor, guide 
vane-rotor, and the entire stage. Stage inlet total 
pressure was corrected to the NASA Standard Day conditions, 
14.69 psia. Tile guide vane, rotor, and stator exit total 
pressures were weighed according to local mass flow to 
o5tain the average values. The guide vane and stator wake 
total pressures at each radial measuring station were mass- 
averaged using the local total pressures in the wake and 
the 8-degree wedge probe static pressure to define the 
local Mach numbers. Mass flux was then obtained from the 
relationship 

where T is measured total temperature and A is the flow 
area associated with each total pressube tube. With the 
radial distribution of total pressure and mass flux thus 
calculated, the total pressures were mass-averaged in the 
radial direction. Behind the rotor, the total pressures 
obtaineci with the two 20-degree wedge probes were 
arithmetically averaged, and the resulting radial 
distribution was mass-flow-averaged using the 8-degree 
wedge probe static pressure and stator exit radial 
temperature distribution to define weight flow. 

Performance and vector diagram calculations were 
performed two ways: one rnethod used the measured static 
pressure distributions to define the velocity distributions 
at each axial station; the second method, a streamline 
analysis, calculated a static pressure distribution that 
satisfied radial equilibrium and continuity. For the 
streamline analysis calculation, adjustments could be made 
to an input boundary layer displacement factor to achieve 
agreement between the calculated and measured static 
pressure. The primary purpose for using the streamline 
analysis computer program was to permit translation of 
the velocity diagram data from instrumentation axial 
stations to the respective adjacent blade row leading 
and trailing edge stations for comparison with the design 
velocity diagram results.(Reference 1). The translation 
was performed with the assumption of isentropic flow and 
constant angular momentum along design stream annuli whose 
centers intersected each blade row leading edge at 10, 
3 0 ,  50, 70, and 90% span positions from the tip. The 
velocity diagram data presented herein were calculated 
by means of the streamline analysis computer program and 
correspond to the leading and trailing edges of the rotor 
and stator blade rows as defined by the dashed lines in 
figure 3.  Loss coefficient calculations for the guide 
vane and stator were performed in a separate computer 
program to permit use of the wake freestream total pressure 
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as the upstream pressure and to permit the elimination 
of certain rake tube pressures that were apparently faultip 
and affected the credibility of the calculated loss 
coefficient. Rotor overall performance and loss 
coefficients were based on inlet total pressures that 
resulted from integration of the as-measured guide vane 
wake pressures. The discrepancies in guide vane wake 
pressures that influenced guide vane loss  coefficients had 
a negligible effect on the calculated rotor loss. Because 
of the sensitivity of the calculated rotor blade relative 
total pressure to static pressure, the rotor loss 
coefficients were based on the static pressure values 
measured at the instrumentation stations rather than those 
calculated for the leading and trailing edge stations. 
Consequently, the loss coefficient data for  the three blade 
rows correspond to the instrumentation stations upstream 
and downstream of each blade row (along the aforementioned 
design streamline) rather than to the blade row leading 
and trailing edges. 

PRESENTATION OF DATA 

Overall Performance 

Overall performance data are presented in terms of 
pressure ratio and adiabatic efficiency as functions of 
corrected weight flow, W 6 / S  ;specific weight flow, W ~ / ~ A A ;  
and equivalent rotor speed, N / / E  Overall performance 
is also summarized in terms of pressure rise coefficient, 
\Ir', as a function of flow coefficient, 9 . Definitions of 
calculated performance variables and symbols are presented 
in Appendix A. 

Pressure ratio and efficiency for the rotor, guide 
vane-rotor, and guide vane-rotor-stator B are presented 
respectively in figures 12, 13, and 1 4  for the SLTO 
configuration; in figures 15, 16, and 1 7  for the cruise 
configuration; and in figures 18, 19,  and 20 for the 
intermediate configuration. The dashed-line portion of 
the curves in figures 14, 17, and 20 refer to transient 
data, and the data point on the stall line is the incipient 
stall point determined from the transient data. 
corrected flows and pressure ratios for steady-state data 
points are tabulated in table B-1, Efficiency contours 
are presented for the three configurations in figure 21, 
and the pressure rise coefficient,*, is presented as a 
function of the flow coefficient, 9, in figure 22. 

The 

Two qualifyinq statements must be made concerning the 
efficiency data presented in figures 12, 13, 15, 16, 18, and 
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19. First, the mass-average temperature used in the 
efficiency calculations was based on the temperature and 
flow distributions measured at Station 2A downstream of 
the stator. Redistribution of the flow through the stator 
may produce a slight difference between the mass-average 
temperature behind the rotor and the value based on stator 
exit conditions, This temperature difference would be 
reflected in the rotor and guide vane-rotor efficiencies. 
The second qualification concerns the use of measured guide 
vane wake total pressure (as discussed under Data Reduction 
Procedure) in the calculation of rotor pressure ratio and 
efficiency. Discrepancies in rotor efficiency, resulting 
from observed discrepancies in the guide vane wake profiles, 
are within +1.0 percent. - 

Although the performance levels in figures 12, 13, 
15, 16, 18 and 19 are generally correct for the rotor and 
guide vane-rotor combination, a more valid assessment of 
stage and blade-row performance is presented in the overall 
performance data in figures 14, 17, and 20, and the detailed 
blade element data in the following section, 

Figure 14 indicates that the SLTO configuration slightly 
exceeded its predicted performance. The. predicted stage 
pressure ratio and efficiency were 1.32 and 85.15;: compared 
with rrieasured values of 1.347 and 87.8% at the design 
flowrate, The higher measured Performance is partially 
attributable to slightly high rotor tip loading due to 
slightly negative swirl produced by the guide vanes in 
their SLTO position, as seen in figure 23. 

(Note in figures 12 through 14 and in table B-1 that 
only three data points were processed for the 110% of 
design rotor speed condition. Discrepancies in the plenum 
pressure measurement were noted for the other three data 
points, which resulted in questionable performance values. 
The source of error was not discovered-and the three 
questionable data points were, therefore, omitted from 
the data presentation). 

Figure 17 shows that the predicted stage pressure ratio 
of 1.129 and efficiency of 88,3% for the cruise 
configuration geometry were exceeded with a measured 
pressure ratio of 1.15 and corresponding efficiency of 
90% at the cruise design flow. 

The intermediate configuration efficiency for cruise 
design flow in figure 20 is about halfway between the SLTO 
and cruise configuration efficiencies for the same flow 
in figures 14 and 17. The corresponding pressure ratio 
for the intermediate configuration was close to that 
obtained with the SLTO geometry. The improvement in 
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efficiency at cruise uesign conditions, as the stage 
geometry was changed from tile SLTO configuration to tile 
cruise configuration, is indicated by the efficiency 
contours in figure 21.  

The pressure coefficient-flow coefficient 
characteristics in figure 22 indicate that the SLTO and 
cruise configurations are fairly well matcheci with their 
respective design conditions. 

Blade Clernent Performance 
for 

Sea Level Takeoff Configuration 

Inlet Guide Vane: SLTO 

Guide vane exit air angle distributions for the sea 
level takeoff configuration are presented in figure 23. 
The design distribution is shown for comparison with the 
data. The distribution in figure 23 indicates only a 
slight variation from tine zero swirl design distribution. 
The swirl distribution corresponding to design flow imposed 
slightly higher incidence on the rotor tip relative to 
design incidence conditions. The wide variation of swirl 
angle with flow in the tip region is attributable to (1) 
influence of the rotor on the static pressure gradient 
in the tip region ahead of the rotor and (2) possible 
influence of the relief cut in the tip of the guide vane 
flap to permit wall clearance in the cruise configuration. 
A similar trend of tip region swirl angle variation with 
flow was noted in the Stator A test program reported in 
Reference 3 .  

Guide vane loss coefficient for the hub, mean, and 
tip sections are presented in figure 24. Because the guide 
vane loss  coefficients were calculated in a separate 
computer program and involved the detailed inspection of 
each guide vane wake, only the data for the 70 and 100% 
design rotor speeds at the hub, mean, and tip sections 
were processed. These results provide assessment of the 
guide vane losses with respect to spanwise variation and 
Mach number. The loss coefficient values obtained with 
the Stator A SLTO confiquration of Reference 3 ,  also 
presented in figure 24, indicate good agreement with the 
Stator B SLTO configuration results. 

Guide vane velocity diagram data for a l l  five spanwise 
measuring stations are presented in table B-2. 
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Rotor; SLTO 

The rotor inlet relative Mach number and air angle 
distributions achieved with the variable camber guide vane 
and Stator B in the sea level takeoff position at design 
equivalent rotor speed are sho~n in fiaure 25. The dis- 
tributions of both Mach number and air anvle that correspond 
to near design flow are in good agreement with the indicated 
design distribution. 

Rotor diffusion factor, deviation angle, aqd loss 
coefficient for design equivalent rotor speed are shown 
in figures 26 through 30. The measured diffusion factors 
and deviation angles are in generally good agreement with 
the design values.* The rotor losses are generally greater 
than the predicted values. Minimum loss incidence angles 
for the 10 and 301 spa9 locations (figures 26 and 27) are 
approximately 4 degrees greater than the predicted incidence 
angles for minimum loss.  

Static pressure measurements obtained behind the rotor 
at the outer wall locations shown in figure 6 are presented 
as a function of equivalent guide vane and stator blade 
gap in figure 31. The pressure distribution indicates 
two regions of high and l o w  pressure relative to a guide 
vane gap and one region of high and low pressure relative 
to a stator gap. The circumferential variation in static 
pressure is considered to be associated with the stator 
flow field because (1) the measured guide vane wake at 
10% span from the tip was relatively small (figure 32) 
and (2) the static pressure taps at Station 2 were in close 
proximity to the stator leading edge (figure 3 ) .  

The outer wall value of static pressure obtained from 
extrapolation of the 8-degree wedge traverse probe static 
pressure data is shown in figure 31. The extrapolated 
value is in good agreement with the average of the wall 
static pressures. 

Additional rotor velocity diagram and blade element 
performance data are presented in table B-2. 

* The rotor diffusion factor design points presented in 
figures 23 through 27 are defined by the corresponding 
equation in Appendix A. This definition accounts for the 
effect of the streamline diameter change across the rotor. 
The effect of this change was significant in the rotor hub 
region. 
in Reference 1 do not account for the streamline diameter 
change and should not be used for comparison with the data 
in these figures. 

The predicted rotor diffusion factors presented 
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Stator B; SLTO 

Stator B inlet conditions for the sea level takeoff 
configuration are shown in figure 3 3 .  The air angle 
distribution for design flow is in fair agreement with 
the indicated design distribution. The Mach numbers for 
design flow are low relative to the design values between 
hub and midspan. 

Stator B diffusion factor, deviation angle, and loss 
coefficient are presented as functions of incidence angle 
at the five spanwise measuring stations in figures 34  
tiirough 3 8 .  In general, the measured diffusion factor, 
deviation angle, and loss coefficient are in favorable 
agreement with the respective predicted values with the 
exception of the hub section loss  coefficient, which is 
substantially greater than the predicted value. 

Exit air angle distributions for the Stator B SLTO 
configuration are compared in figure 39 with the design 
exit air angle distribution. The measured air angles are 
slightly less (approximately 2 degrees) than the design 
values across the span. 

Pdditional Stator I3 blade element data are presented 
in taLle B-2. 

Blade Element Performance 
for 

Cruise Configuration 

Inlet Guide Vane; Cruise 

The swirl distribution achieved with the variable 
camber inlet guide vane in the cruise configuration at 
cruise (705 of design equivalent) rotor speed is compared 
with the design distribution in figure 4 0 .  The measured 
swirl distribution is relatively flat in the hub and tip 
regions with the exception of the unusually high angle 
at 10% span for the near stall flow conditions. The swirl 
distributions in figure 40  are characteristically different 
from the distributions obtained with the same guide vane 
configuration in the Stator A tests of Reference 3 .  
Possible reasons for this difference will be discussed 
in the final report under the contract program. Guide 
vane loss  coefficients for the hub, mean, and tip sections 
are presented as a function of Xach number in figure 41. 
Additional guide vane data are contained in table B-3. 
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Rotor: Cru ise  

Rotor i n l e t  r e l a t i v e  Mach number and a i r  angle  achieved 
w i t h  t h e  c r u i s e  guide vane c o n f i g u r a t i o n  a t  c r u i s e  rotor  
speed are shown i n  f i g u r e  42,  The measured Mach number 
d i s t r i b u t i o n  i s  close t o  t h e  des ign  Mach number 
d i s t r i b u t i o n .  T h e  Mach numbers i n  t h e  hub r eg ion  are 
s l i g h t l y  h igh  compared t o  t h e  des ign  va lues .  T h e  
experimental  va lues  of i n l e t  r e l a t i v e  a i r  angle  f o r  des ign  
f l o w  agree w i t h  t h e  des ign  va lues  between 1 0  and 50% span 
and i n c r e a s e  t o  about 4 deyrees  h igher  t han  t h e  des ign  
va lue  a t  90% span. 

A s  a matter of i n t e r e s t ,  t h e  r e l a t i v e  a i r  angle  
d i s t r i b u t i o n  obta ined  w i t h  t h e  SLTO guide  vane c o n f i g u r a t i o n  
a t  c r u i s e  r o t o r  speed and f l o w  cond i t ions  i s  inc luded  i n  
f i g u r e  4 2  fo r  comparative purposes.  T h i s  comparison 
i l l u s t r a t e s  t h e  high inc iuence  angles  t h a t  a f i x e d  sea 
l e v e l  takeoff  geometry s t a g e  would encounter  a t  t h e  
s p e c i f i e d  c r u i s e  cond i t ions .  

Rotor d i f f u s i o n  f a c t o r ,  d e v i a t i o n  angle ,  and loss 
c o e f f i c i e n t  f o r  c r u i s e  r o t o r  speed cond i t ions  are p resen ted  
i n  f i g u r e s  4 3  through 47.  I n  g e n e r a l ,  t h e  e x p e r i n e n t a l  
va lues  compare w e l l  wi th  t h e  p r e d i c t e d  va lues  a t  a l l  span 
l o c a t i o n s .  The r o t o r  losses are s l i g h t l y  h igher  t han  
p r e d i c t e d  between t h e  midspan and hub reg ion .  
loss  inc idence  ang le  i n  t h e  t i p  r eg ion  appears  t o  occur  
a t  a lower inc idence  t h a n  t h e  p r e d i c t e d  minimum loss  
inc idence .  

The minimum 

Sta tor  B; Cru ise  

S ta tor  B i n l e t  c o n d i t i o n s  fo r  t h e  c r u i s e  c o n f i g u r a t i o n  
a t  c r u i s e  ro tor  speed are shown' i n  f i y u r e  48.  The 
experimental  Mach number d i s t r i b u t i o n  for  des ign  flow 
i s  i n  good agreement wi th  t h e  des ign  va lues .  The 
experimental  a i r  ang le s  f o r  des ign  f l o w  agree  wi th  t h e  
des ign  va lues  i n  t h e  hub and t i p  r eg ions  and are s l i g h t l y  
h igher  a t  midspan. 

S ta tor  B d i f f u s i o n  fac tor ,  d e v i a t i o n  ang le ,  and loss 
c o e f f i c i e n t  f o r  c r u i s e  c o n f i g u r a t i o n  a t  c r u i s e  r o t o r  speed 
are shown i n  f i g u r e s  4 9  through 53. The measured d i f f u s i o n  
f a c t o r s  are s l i g h t l y  l o w e r  t han  t h e  va lues  p r e d i c t e d  fo r  
t h e  des ign  a i r  t u r n i n g  a t  c r u i s e  cond i t ions .  Deviat ion 
ang le s  are i n  good agreement w i t h . t h e  p r e d i c t e d  va lues .  
The  s t a t o r  losses are apprec iab ly  h igher  t han  the  losses 
p r e d i c t e d  fo r  a convent iona l  s ta tor  designed f o r  t h e  s a m e  
a i r  t u r n i n g  and o p e r a t i o n  a t  rninimum.loss incidence.  The 
r e l a t i v e l y  h igh  losses are a t t r i b u t e d  t o  t h e  r e l a t i v e l y  
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broad wake generated by 
B cruise configuration. 
profile for near cruise 
in figure 54 . 

Exit air angles for 

the two segments of the .Stator 
A midspan wake total pressure 
design flow conditions is shown 

the Stator E cruise configuration 
are compared with the design exit air angles in figure 
55. Good agreement is seen between the measured and desiyn 

point. 
a air angle values, particularly for the cruise design flow 

Additional Stator B velocity diagram and performance 
data for the cruise geometry configuration are presented 
in table B-3 .  

Blade Element Performance 
for 

Intermediate Configuration 

Blade element performance was obtained with the variable 
guide vanes and Stator B positioned midway between the 
SLTO and cruise configuration positions. The blade element 
performance results obtained with this configuration at 
the 70, 80, and 100% equivalent rotor speed operating 
conditions are presented in figures 56 through 69. In 
each figure the predicted design information for the SLTO 
and cruise operating points are presented for comparison 
with the data. Inlet guide vane exit air angles and losses 
are presented only for the 70  and 100% rotor speeds. 
Additional velocity diaqram and blade element performance 
data for the intermediate configuration are presented in 
table B-4. 

Inlet Guide Vane; Intermediate 

Inlet guide vane swirl distributions for 70 and 100% 
design equivalent rotor speed conditions arc shown in 
figure 56. The swirl distribution is similar to that 
obtained with the cruise geometry (figure 4 0 ) .  

Guide vane loss coefficient at the root, midspan, and 
tip sections for the 70 anti 100% rotor speed conditions 
are presented in figure 57. The l o s s  coefficient levels 
are similar to those obtained with the SLTO guide vane 
configuration. 

Rotor; Intermediate 

Rotor inlet relative Mach number and air angle 
distributions for the 70, 80, and 100% rotor speed 
conditions are shown in figure 58. The maximum and near 

19 



stall flow data points are presented.to show the overall 
range at each rotor speed condition. 

Rotor diffusion factor, deviation angle, and loss 
coefficient are presented as functions of incidence angle 
in figures 59 through 6 3 .  The general agreement between 
experimental results and those predicted for the respective 
SLTO and cruise configuratfons-indicates that the 
intermediate guide vane configuration permits the rotor * 
to operate within its low-loss range at both SLTO and 
cruise rotor speeds. It should be recalled, however, that 
the intermediate configuration overall pressure ratio and 
flow did not match either the SLTO or cruise design 
conditions, and would not be a suitable fixed-geometry 
stage for the specified operating range. 

Stator inlet Mach number and air angle distributions 
for maximum and near stall flow conditions are compared 
in figure 64 with the SLTO and cruise design distributions. 

Blade element performance for the Stator B intermediate 
configuration is presented in figures 65 through 69. The 
values of diffusion factor, deviation angle, and loss  
coefficient obtained with the intermediate position are 
consistent with SLTO and cruise configuration values. 

Stall Transient Performance 

Stall transient data are presented in figures 70, 71, 
and 72 in terms of pressure ratio versus corrected weight 
flow. Each figure includes (1) the steady-state overall 
performance curve for reference, (2) the transient overall 
performance curve based on the arithmetic average of stage 
exit total pressures measured with a single radial rake, 
and ( 3 )  a tabulation of rotating stall pattern results 
derived from Kistler transducer data. The transient data 
pressure ratios may be less than or slightly greater than 
the steady-state (mass flow average) pressure ratios 
depending upon the radial rake position with respect to 
stator wakes. 

The rotating stall patterns determined from the three 
Kistler transducers located at 101 span are characterized 
by a single stall zone that covers approximately one-half 
of the annulus (circumferentially) and rotates at about 
one-half of the rotor speed. The stall zone appearance 
is coincident with the stall point determined from the 
stall transient data. -This point is indicated as point 
number (1) in the figures. When the throttle vanes are 
opened and the stage comes out of stall, the size of the 
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stall zone diminishes, as indicated by the values of percent 
area tabulated for the last point number in each figure. 
For the SLTO configuration operating at 70% rotor speed 
(figure 71) the rotating stall zone disappeared after the 
stage's initial stall, and operation in stall was fairly 
steady. The stall zone reappeared as the stage was operated 
out of stall, and finally dirrinishect in size as indicated 
in the figure. A sircilar result was obtained with the 
Stator A configuration of Reference 3, 

A sample of the stall transient data 
transducer traces are presented for the 
operating at 100% rotor speed in figure 
used for determining the rotating stall 
Kistler transducer data is discussed in 

L and Kistler 
SLTO configurat 
7 3 .  The method 
patterns from 
Appendix C. 

ion 

COZLTCLUD ING DISCUSS ION 

Tests were conducted with a 0.5 hub/tip ratio corn- 
pressor stage comprising a variable camber inlet guide 
vane, rotor, and a variable geometry stator having 
adjustable leading and trailing edge metal angles. Two 
design configurations that corresponded to SLTO and 
supersonic Mach number cruise operating conditions, and 
a third configuration geometrically midway between the 
two design configurations, were evaluated. Each of the 
three configurations were tested over a range of rotor 
speed and flow that encompassed both the SLTO and cruise 
design point conditions. 

At the SLTO design conditions the SLTO configuration 
achieved a pressure ratio and adiabatic efficiency of 1.347 
and 87.8%, respectively, compared to predicted values of 
1.32 and 85.1%. At cruise design conditions the cruise 
configuration achieved a pressure ratio and efficiency 
of 1.15 and 90%, compared to predicted values of 1.129 
and 88.33. The efficiency of the SLTO configuration at 
cruise rotor speed and flow was 8 3 % .  In general, the 
cruise configuration permitted operation at lower flows 
and with correspondingly higher efficiencies than the SLTO 
configuration at the cruise rotor sFeed. Thus, the variable 
geometry features of the stage permitted efficient, stall- 
free operation over a wider range of corrected flow than 
that possible with the SLTO (fixed-geometry) configuration. 

The Stator B configuration permitted adjustment of 
both the leading and trailing edge metal angles for 
operation at other than SLTO design conditions. This 
adjustment resulted in the desired match between rotor 
exit and stator inlet, and stator exit and hypothetical 
2nd-stage rotor inlet conditions at the cruise design 
point. Iiowever, for the cruise setting the stator minimum 
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l o s s e s  a t  a l l  span l o c a t i o n s  w e r e  s i q n i f i c a r i t l y  h igher  
t han  those p r e d i c t e d  fo r  a convent iona l  s t a t o r  designed 
wi th  t h e  same a i r  tu rn ing  requirement.  T h e  high losses 
r e s u l t e d  from t h e  gene ra t ion  of a broad wake t h a t  w a s  
considered t o  be t h e  product  of mixed wakes from t h e  two 
a i r f o i l  segments of Stator  E. Although t h e  S ta tor  B rear 
a i r f o i l  segment l ead ing  edge was designed t o  o p e r a t e  w i t h  
low losses over  a wide range of inc idence  ang le  (Reference 
l), it is apparent  t h a t  a d d i t i o n a l  design c r i t e r i a ,  
p e r t i n e n t  t o  tanden a i r f o i l  des ign ,  are necessary  t o  d e f i n e  
a low-loss S t a t o r  B type  conf igu ra t ion .  
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TOP 

0 OD Wall Static Pressure (4) 
QJ ID Wall Static Pressure (4) 
A 20-Degree Wedge Traverse Probe (2) ("1 Indicates Wake Rake Location 

A8-Degree Wedge Traverse Probe (1) 
A Wake Total Pressure Rake (2) 

For Cruise Configuration 

Figure 5. Instrumentation Station 1, FD 25194 
View Looking Forward 
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r 1.5" 

355.5" 
354" 

351" 

315" / 
58.5" 

118.5" P 
OOD Wall Static Pressure (12) 

QID Wall Static Pressure (4) 

n20-Degree Wedge Traverse Probe (2) 

A8-Degree Wedge Traverse Probe (1) 

Kistler Rotating Stall Probe (3) 

@ Kiel Total Pressure Probe 

(10,30,50, 70, and 90% Span) (2) 

Figure 6. Instrumentation Station 2, 
View Looking Forward 

FD 25195 
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TOP 

0 OD Wall Static Pressure (4) 
0 ID Wall Static ~ressuree(4) 
A 20-Degree Wedge Probe (2) 
A8-Degree Wedge Traverse Probe (1) 
A Wake Total Pressure Rake (2) 
(") Indicates Wake Rake Location 

Temperature Rake 
(10,30,50,70 and 90% Span) (4) 

(10,30,50,70 and 90% Span ) (2) 
@ Kiel Total Pressure Probe 

For Cruise Configuration 

Figure 7. Instrumentation Station ZA, FD 25196 
View Looking Forward 
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F i g u r e  8 .  20-Degree  Wedge Probe 
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Figure  11. 8-Degree Kedge Probe 
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Figure 12 .  Overall Performance: 
Rotor Only, SLTO Configuration 
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Figure 13. Overall Performance: Guide Vane Rotor, 
SLTO Configuration 
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Figure 14. Overall Performance: Guide Vane, Rotor, 
Stator B, SLTO Configuration 
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Figure 15, Overall Performance: 
R o t o r  Only, Cruise Configuration 
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Figure 1 o r m  Guide Vane, R o t o r ,  
gur 
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Figure 17. Overall Performance: Guide Vane, R o t o r ,  
Stator B, Cruise Configuration 
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Figure 18. Overall Performance: 
Rotor Only, Intermediate Configuration 
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Figure 19. Overall Performance: Guide Vane, Rotor, 
Intermediate Configuration 
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Figure 20. Overall Per e: e V  otor , 
Stator B, I iate fig n 
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Figure 21. Stage Efficiency Contours 
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Figure  re R i s e  Coeff n t  vs Flow 
cient 
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Figure 23. Guide e Exit A i r  Ang 
ration,100% Equivalent 
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Figure 24. et Guide Vane Loss Coefficient vs 
Inlet Mach Number: SLTO Configuration 
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Figure 25. Rotor Inlet Air Angle and Mach Number 
Distribution: SLTO Configuration, 100% 
Equivalent Rotor Speed 
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Figure  26. Rotor Blade Element Performance: SLTO 
Conf igu ra t ion ,  1 0 0 %  Equ iva len t  Rotor 
Speed, 10% Span From T i p  
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Figure 27. R o t o r  Blade Element Performance: SLTO 
Configuration, 100% Equivalent Rotor 
Speed, 30% Span From Tip 
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Figure 28. Rotor Blade Element Performance: SLTO 
Configuration, 100% Equivalent Rotor 
Speed, 50% Span From Tip 
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Figure 29. Rotor Blade Element Performance: SLTO 
Configuration, 100% Equivalent Rotor 
Speed, 70% Span From Tip 
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Figure 30. Rotor Blade Element Performance: SLTO 
Configuration, 100% Equivalent Rotor 
Speed, 90% Span From Tip 
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Figure  31. I n f l u e n c e  of Guide Vane Wake and Stator 
on S t a t i o n  2 Outer  W a l l  S ta t ic  P r e s s u r e  
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Figure 32 .  Guide Vane Wake 10% From Tip 

55 



Figure 33. Stator Inlet Air Angle and Mach Number 
Distribution: SLTO Configuration, 100% 
Equivalent Rotor Speed 
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Figure 34. Stator Blade Element Performance: SLTO 
Configuration, 100% Equivalent Rotor 
Speed, 10% Span From Tip 
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Figure 35. Stator Blade Element Performance: SLTO 
Configuration, 100% Rotor Speed, 30% Span 
From Tip 
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Figure 36. Stator Blade Element Performance: SLTO 
Configuration, 100% Equivalent Rotor Speed, 
50% Span From T i p  
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Figure 37. Stator Blade Element Performance: SLTO 
Configuration, 100% Equivalent Rotor 
Speed, 70% Span From Tip 
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Figure 38. Stator Blade Element Performance: SLTO 
Configuration, 100% Equivalent R o t o r  
Speed, 90% Span From Tip 

6 1  



Figure 39. Stator Exit Air Angle vs Percent Span: 
SLTO Configuration, 100% Equivalent 
Rotor Speed 
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Figure  40.  Guide Vane E x i t  A i r  Angle: Cru i se  Configu- 
r a t i o n ,  70% Equiva len t  Rotor Speed 
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Figure 41. Inlet Guide Vane Loss Coefficient vs Inlet 
Mach Number: Cruise Configuration 
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Figure 42. Rotor Inlet Air Angle and Mach Number 
Distribution: Cruise Configuration, 70% 
Equivalent Rotor Speed 
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Figure 43. Rotor Blade Element Performance: Cruise 
Configuration, 70% Equivalent Rotor Speed, 
10% Span From Tip 
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Figure 44. Rotor Blade Element Performance: Cruise 
Configuration, 70% Equivalent R o t o r  Speed, 
30% Span From Tip 
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Figure 45. Rotor Blade Element Performance: Cruise 
Configuration, 70% Equivalent Rotor Speed, 
50% Span From Tip 
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Figure 46. Rotor Blade Element Performance: Cruise 
Configuration, 70% Equivalent Rotor Speed, 
70% Span From Tip 
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Figure  47. R o t o r  B l a d e  E l e m e n t  Performance: C r u i s e  
Conf igura t ion ,  70% Equiva len t  R o t o r  Speed, 
90% Span From T i p  
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Figure 48. Stat Inlet Air Angle and Mach Number 
Distribution: Cruise Configuration, 70% 
Equivalent Rotor Speed 
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Figure 49. Stator Blade Element Performance: Cruise 
Configuration, 7056 Equivalent Rotor Speed, 
10% Span From Tip 
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Figure  50. S ta tor  Blade Element Performance: Cru i se  
Conf igu ra t ion ,  70% Equ iva len t  R o t o r  Speed, 
30% Span From T ip  
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Figure 51. Sta lade Element Performance: Cruise 
ation, 70% Equivalent Rotor Speed, 

50% Span From Tip 
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Figure 52. Stat0 lement Performa Cruise 
Configuration, 7096 Equivalent Rotor Speed, 
70% Span From Tip 
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Figure 53. Stator Blade Element Performance: Crui-se 
Configuration, 70% Equivalent Rotor Speed, 
90% Span From Tip 
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Figure 54. Stator B Cruise Configuration Wake Total 
Pressure Profile 
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Figure 55. Stator Exit Air Angle vs Percent Span: 
Cruise Configuration, 70% Equival 
Rotor Speed 
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Figure 57. Inlet Guide Vane Loss Coefficien 
Mach Number: Intermediate Confi 
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Figure 58. Rotor Inlet Relative Air Angle and Mach 
N r Distribution: Intermediate 
Configuration 
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Figure 59. Rotor Blade Element Performance: Inter- 
mediate Configuration, 10% Span From 
Tip 
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Figure 60. Rotor Blade Element Performance: Inter- 
mediate Configuration, 30% Span From 
Tip 
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Figure 61. Rotor Blade Element Performance: Inter- 
mediate Configuration, 50% Span From 
Tip 
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Figure 63. Rotor Blade Element Performance: Inter- 
mediate Configuration, 90% Span From Tip 
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Figure S ir Angle and Nach Number 
D Configuration 
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Figure 65. Stator Blade Element Performance: I n t e r -  
mediate Configuration, 10% Span From Tip 
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Figure 66. Stator Blade Element Performance: Inter- 
mediate Configuration, 30% Span From Tip 
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Figure 67. Stator Blade Element Performance: Inter- 
mediate Configuration, 50% Span From T i p  

90 



Figure 68. Stator Blade Element Performance: In 
mediate Configuration, 70% Span From 
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Figure 69. Stator Blade Element Performance: Inter- 
mediate Configuration, 90% Span From Tip 
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Transient Data 

8945.0 895i.o 896i.o 
TIME - sec 
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Figure 73. Transient and Rotating Stall FD 25734 
(Kistler Trace) Data 
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APPENDIX A 
DEFINITION OF SYMBOLS 

2 Flowpath annular area, in. 

Inlet relative stagnation velocity of sound, ft/sec 
AA 
a' 

O1 

C 

cP 

d 

D 

J 
- 
m 

M 

P 

P 

S 

S 

T 

=IS 

t 

U 

V 

Y 

Chord length, in. 

Specific heat of air, 0.24 Btu/lboP 

Diameter 

Diffusion factor 

Gravitational constant, 32.2 ft/sec2 

Incidence angle, deg (based on equivalent circular 
arc for stators) 

Mechanical equivalent of heat, 778  ft-lb/Btu 

Mass flow parameter, &% M [1 + -M 7-1 21 1/2 p/p 
2 

Absolute Mach number 

Total pressure, psia 

Static pressure, psia 

Pressure equivalent of the velocity head, psia 
f t-lbs Gas constant fo r  air, 53.3 -- 

Blade spacing, in. 

Blade span, in. 

Total temperature, OR 

Static temperature, OR 

Blade maximum thickness, in. 

Rotor speed, ft/sec 

Absolute velocity, ft/sec 

Actual flow rate, lbm/sec 

Absolute air angle, deg 

Ratio of specific heats 
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Blade-Chord angle, deg 

Ratio of total pressure to NASA standard sea level 
pressure of 2116 psf  

Deviation angle, deg 

Adiabatic efficiency 

Polytropic Efficiency 

Ratio of total temperature to NASA standard sea 
level temperature of 518.7OR 

Blade metal angle, deg (based on equivalent circular 
arc for stators) 

3 Density, lbm/ft 

Solidity, c/S 

Blade camber angle, deg (based on equivalent circular 
arc for stator B and on the 0.5% chord and 95% chord 
for the IGV) 

Pressure rise coefficient 

Total pressure loss coefficient 

Subscripts 

0 Compressor inlet instrumentation station 

1 Guide vane exit/rotor inlet instrumentation station 

2 Rotor exit/stator inlet instrumentation station 

2A Stator exit instrumentation station 

fs Freestream value of guide vane or stator rake 

id Isentropic condition 

le Leading edge 

te Trailing edge 

m Midspan 

S Static condition 

z Axial component 

e Tangential component 

total pressure 
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Superscripts 

Relative rotor blade I 

Mass average value (used for overall and 
blade element performance) 

Nomenclature used for blade element data tabulation (tables 
E-2, E-3 ,  and 

PCT SPAN 

DIA 

BETA 

BETA (PR) 

V 

vz 
V-THETA 

V (PR) 

V-THETA PR 

U 

!"I 

M (PR) 

TURN 

TURN (PR) 

w 

DFAC 

EFFP 

EFF 

INCIDM 

DEVM 

- 

B-4) 

Percent Span 

Diameter, inches 

Absolute air angle, degrees 

Relative air angle, degrees 

Absolute velocity, ft/sec 

Axial component of velocity, ft/sec 

Tangential component of absolute velocity, ft/sec 

Relative velocity, ft/sec 

Tangential component of relative velocity, ft/sec 

Wheel speed, f t/sec 

Absolute Mach number 

Relative Mach number 

Air Turning, degrees 

Relative air turning, deqrees 

Loss coefficient 

Diffusion factor 

Polytropic efficiency 

Adiabatic efficiency 

Incidence, degrees 

Deviation, degrees 
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NOTE 

3 

4 

6 

7 

9 

10 

The numbers fo l lowing  t h e  nomznclature 
i n  Tables  B-2, E-3,  and B-4 r e f e r  t o  
t h e  l e a d i n g  and t r a i l i n g  edges of t h e  
r e s p e c t i v e  b l ade  rows, as  i n d i c a t e d  
below: 

Rotorle 

Rotorte 

S ta to r l e  

Stator te 



DEFINITION OF CALCULATED PERFORMANCE VARIABLES 

Overall Performance Data 

Inlet Mach Number: 

Pressure Ratio: 

p2 p2 Stage : '2A Rotor:- Rotor-Guide Vane: 
14.696 14.696 p1 

Corrected Flow 

Corrected Specific Flow: 

w f i  
6AA 
- 

Corrected Rotor Speed: 

Adiabatic Efficiency (overall) : 

Pressure Rise Coefficient: 

Y -  1 - 1  - 1  

\ c , =  

u2 lern I rotor 
Flow Coefficient: 

rotor 
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Blade Element Data 

Incidence Angle: 
i = Ole - K~~ m 

Diffusion Factor: 

Stator: D = 1 - 

Deviation Angle: 

- K  
6 0  = Pte te 

Loss Coefficient: 
- 

- pfs - p1 IGV: o = 
pfs - 

(po was found from linear interpolation Qf inner and outer 

wall static pressures at Station 0,) 

where : 

and 14' is calculated using trigonometric functions and the 
measurements of U, P ,  P, and p. 

- 
Pfs - P2a 
Pfs - p2 

Stator: G = 
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Adiaba t i c  E f f i c i ency :  
Y-1 [ (P  t e  -11 

Rotor: 
Tte/To -1 

P o l y t r o p i c  Ef f i c i ency :  
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APPENDIX B 

TABULATED PE RFO RT-IWJCE 

The s t a g e  overal l  performance, ro tor  performance, and 
c o r r e c t e d  v e i y h t  flow f o r  each tes t  p o i n t  are p resen ted  
i n  t a b l e  33-1. 

Tables  B-2 and B-3 ,  r e s p e c t i v e l y ,  p r e s e n t  SLTO and 
c r u i s e  c o n f i g u r a t i o n  b l ade  e l e n e n t  6ata f o r  each tes t  
p o i n t .  Table  B-4 n r e s e n t s  b l a d e  element d a t a  f o r  t h e  
i n t e r m e d i a t e  conf igu ra t ion .*  D e f i n i t i o n  of t h e  b l ade  element 
v e l o c i t y  t r i a n g l e  and performance v a r i a b l e s  as t a b u l a t e d  
i n  t h e  computer p r i n t o u t  is  given i n  Appendix A. 

* A t  110% of  des ign  ro tor  speed f o r  t h e  SLTO conf igu ra t ion ,  
t h r e e  d a t a  p o i n t s  were omi t ted  from t h e  d a t a  p r e s e n t a t i o n  
because of q u e s t i o n a b l e  plenum p r e s s u r e  d a t a ,  
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APPENDIX C 

Method of Deducing Rotat ing S t a l l  C h a r a c t e r i s t i c s  

The number, r o t a t i o n a l  speed, and s i z e  of r o t a t i n g  
s t a l l  zones w e r e  determined f r o m  t h e  r e s u l t s  ob ta ined  w i t h  
t h r e e  K i s t l e r  h igh  response p r e s s u r e  t r ansduce r s  located 
a t  S t a t i o n  2 ,  10% of  span from t h e  o u t e r  w a l l ,  and spa- 
ced 30 and 6 0  degrees  a p a r t ,  r e s p e c t i v e l y .  A set of 
r e p r e s e n t a t i v e  t r ansduce r  s i g n a l  traces i s  presented  i n  
f i g u r e  C-1 t o  i l l u s t r a t e  t h e  method used. The method i s  
p red ica t ed  on a maximum number of s t a l l  zones equal  t o  
twelve, and equa l  r o t a t i o n a l  speed f o r  a l l  zones. 

t 
Decreasing 
Pressure 

Relative Location 
of Probe 

0 

30 

- Time 

Figure  C-1. Transducer S igna l  Diagram FD 25199 
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I n  f i g u r e  C-1: 

X = t i m e  between any t w o  a d j a c e n t  s t a l l  zones ( o r  
t h e  c y c l e  time of a s i n g l e  s t a l l  zone) 

y = t i m e  f o r  one of twelve or  less s t a l l  zones t o  
move frorri t h e  O-degree t o  t h e .  30-degree probe. 

z = t i m e  between a s imultaneous s t a l l  zone i n t e r c e p t  
a t  t h e  O-degree probe and a s t a l l  zone i n t e r c e p t  
a t  t h e  90-degree probe. 

w = t h e  c i r c u m f e r e n t i a l  e x t e n t  of a s t a l l  zone 

Rt = t i m e  f o r  one ro tor  r e v o l u t i o n  

t360° = t i m e  e q u i v a l e n t  of 360 degrees  on t h e  t r ansduce r  
s i g n a l  trace 

The minimum angu la r  spac ing  of s t a l l  zones is  obtained 
from 

Thus, i f  y = x, t h e  minimum angular  spac ing  would be 30 
degrees.  With t h e  angu la r  spac ing  known f o r  any t w o  
a d j a c e n t  zones, it i s  p o s s i b l e  t o  i d e n t i f y  t h e  t i m e -  
equ iva len t  of 360 degrees  on t h e  t r ansduce r  s i g n a l  trace. 
The number of s t a l l  zones w i t h i n  t h i s  t i m e  pe r iod  i s  t h e  
number of s t a l l  zones p re sen t .  The r o t a t i o n a l  speed of 
t h e  s t a l l  zone i n  t e r m s  of ro tor  speed i s  obta ined  f r o m  
t h e  r a t i o  

Rt 
t360° 

T h e  e x t e n t  of t h e  s t a l l  zone i s  

W 

t360° 
The t h i r d  probe can be used f o r  a check on t h e  number of  
s t a l l  zones when t h e  minimum spac ing  i s  e q u a l  t o  o r  greater 
than  60  or 90 degrees. The t h i r d  probe a lso d e f i n e s  t h e  
d i r e c t i o n  of  r o t a t i o n  of t h e  s t a l l  zones, a l though t h i s  
d i r e c t i o n  i s  u s u a l l y  t h a t  of t h e  rotor.  
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